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The Magnetosphere and Its Boundary Layer 

Norman F .  Ness 
NASA-Goddard Space F l i g h t  Center  

r. 

The sun is an  u b i q u i t o u s  source of t h e  E a r t h ' s  energy 

i n p u t .  More than  30 y e a r s  ago i n  an a t t empt  t o  expladn t h e  

c h a r a c t e r i s t i c  storm-time f l u c t u a t i o n s  of  t h e  geomagnetic 

f i e l d ,  a s o l a r  o r i g i n  w a s  p o s t u l a t e d  by Chapman and F e r r a r o  (1933) . 
I t  w a s  sugges ted  t h a t  t h e  s u n , a t  t i m e s  of so la r  d i s t u r b a n c e s  

such as  f l a r e s , e m i t t e d  a n e u t r a l  b u t  i on ized  gas r e f e r r e d  t o  

as  a plasma. When t h i s  plasma reached t h e  e a r t h  i t  compressed 

t h e  e a r t h ' s  magnetic f i e l d  and conta ined  it  i n  a r e g i o n  of 

space  sur rounding  t h e  e a r t h .  The c a v i t y  i n  t h e  solar  plasma 

t h u s  formed h a s  been termed Chapman F e r r a r o  c a v i t y  and t h e  

mechanism of its format ion  h a s  been r easonab ly  s u c c e s s f u l  i n  

e x p l a i n i n g  t h e  temporal c h a r a c t e r i s t i c s  of v a r i o u s  geomagnetic 

c 

sudden commencement and o t h e r  storm phenomenon. A na ive  

r e p r e s e n t a t i o n  of t h e  i n t e r a c t i o n  of t h e  s o l a r  plasma wi th  

e a r t h ' s  magnetic f i e l d  is shown i n  F igure  1. H e r e  t h e  

i n d i v i d u a l  p a r t i c l e s  are assumed t o  be s p e c u l a r l y  reflectec 

t h e  

a t  

t h e  boundary of t h e  earthk magnetic f i e l d .  The r e g i o n  w i t h i n  t h e  

boundary t h e  geomagnetic c a v i t y  h a s  been r e f e r r e d  t o  as t h e  

magnetosphere s i n c e  t h e  dominant f a c t o r  i n f l u e n c i n g  charged 

p a r t i c l e  motion wi th in  t h i s  r eg ion  of space  is  t h e  e a r t h ' s  

magnet ic  f i e l d .  I n  t h e  remainder of  t h i s  paper  t h e  terminology 

f 

1 

W i l l  u t i l i z e  magnetosphere r a t h e r  than  t h e  Chapman-Ferraro c a v i t y .  
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I n  an a t tempt  t o  e x p l a i n  t h e  f l u c t u a t i o n s  and 

c h a r a c t e r i s t i c s  of  t ype  I cometary t a i l s ,  Biermann (1951) 

e a r l y  i n  t h e  1950 ' s  sugges ted  t h a t  a c o n t i n u a l  f l u x  of  so la r  

plasma was r e q u i r e d .  Th i s  w a s  s i m i l a r  t o  t h a t  p o s t u l a t e d  

by Chapman and F e r r a r o  (19 33) i n  t h e i r  t h e o r e t i c a l  s t u d i e s .  

Subsequent t o  t h i s ,  Pa rke r  (1958) developed h i s  hydrodynamic 

t h e o r y  of t h e  expansion of t h e  so l a r  corona  r e f e r r i n g  t o  t h e  

phenomena as  t h e  "solar wind". T h i s  w a s  p r e d i c t e d  t o  c o n s i s t  of 

i o n i z e d  gas  with t h e  p r i n c i p a l  c o n s t i t u e n t  be ing  hydrogen and 
10 f lowing  r a d i a l l y  from t h e  sun wi th  f l u x  v a l u e s  of  l o7  t o  10 

pa r t i c l e s / cm /sec. The energy  of t h e  p a r t i c l e s  w a s  assumed t o  

be approximately 1 Kev. D i r e c t  measurements of  t h i s  solar  

wind or plasma have r e c e n t l y  been perfarmed by means of  s a t e l l i t e  

measurements conducted both  by t h i s  c o u n t r y  ( B o n e t t i  e t  a l ,  

1963, Snyder and Neugebauer, 1963) and by t h e  USSR.(Grlngauz, 

1962) .  A s  a p a r t  of t h e  o v e r a l l  NASA prodram i n v e s t i g a t i n g  t h e  

c h a r a c t e r i s t i c s  of  t h e  i n t e r p l a n e t a r y  medium on a c o n t i n u i n g  

b a s i s ,  a ser ies  of i n t e r p l a n e t a r y  Exp lo re r  s a t e l l i t e s  h a s  been 

developed. F igu re  2 p r e s e n t s  a photograph of t h e  IMP-1 s a t e l l i t e ,  

t h e  f i rs t  I n t e r p l a n e t a r y  Monitor ing P l a t f o r m  i n  t h i s  series 

which w a s  s u c c e s s f u l l y  launched Novemger, 27 ,  1963. I t  t r a n s m i t t e d  

2 

1 

information on t h e  c h a r a c t e r i s t i c s  of magnetic f i e l d s ,  plasmas 1 

and e n e r g e t i c  p a r t i c l e s  i n  t h e  r e g i o n  su r round ing  t h e  e a r t h  f o r  

a p e r i o d  of more than  S i x  months. The apogee of t h e  s a t e l l i t e  

w a s  31.7 Re ( e a r t h  r a d i i )  or 197 ,616  km wi th  an o r b i t a l  p e r i o d  

.r 

5 
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of 93 hours .  The i n t e r a c t i o n  of t h e  s o l a r  w i r i d  w i t h  t h e  

e a r t h ' s  magnetic f i e l d  leads t o  a d i s t o r t i o n  of t h e  e a r t h ' s  

magnetic f i e l d  a s  w e l l  a s  c r e a t i n g  a d i s t u r b a n c e  i n  t h e  
c 

r f low f i e l d  of  t h e ; s o l a r  wind. This  paper  is concerned 

p r i n c i p a l l y  wi th  t h e  d i s t o r t i o n  of t he  earth 's  magnetic 

f i e l d  and the  r e s u l t a n t  boundary l a y e r  r e g i o n  between t h e  

magnetosphere and the  und i s tu rbed  i n t e r p l a n e t a r y  medium as  

measured by t h e  IMP-1 sa te l l i t e .  

A broad compliment of exper iments  i n  t h e  measurement of 

e n e r g e t i c  p a r t i c l e s ,  low energy  p la smas  and magnetic f i e l d s  

was ins t rumented  f o r  f l i g h t  on t h e  IMP-1 s a t e l l i t e .  F igu re  3 

p r e s e n t s  a summary of t h e  v a r i o u s  i n s t r u m e n t s ,  t h e i r  measurement 

range  and energy  character is t ics .  F i g u r e  4 p r e s e n t s  t h e  solar-  

e c l i p t i c  c o o r d i n a t e  system a p p r o p r i a t e  f o r  s tudy ing  t h e  

i n t e r a c t i o n  of t h e  solar  wind w i t h  t h e  ear th ' s  magnetic f i e l d .  

I n  t h i s  c o o r d i n a t e  s y s t e m  t h e  X-axis is  d i r e c t e d  a t  a l l  t i m e s  

from t h e  ea r th ' s  c e n t e r  t o  t he  sun,  t h e  Z - a x i s  is chosen 

t o  be p e r p e n d i c u l a r  t o  t h e  e c l i p t i c  p l a n e  and  t h e  Y-axis forms 

a r i g h t  handed c o o r d i n a t e  system. I n  a d d i t i o n  t w a  a n g l e s  are 

d e f i n e d  t o  r e p r e s e n t  a v e c t o r  f i e l d :  0 be ing  t h e  l a t i t u d e ,  

p o s i t i v e  about  t h e  p l ane  of t h e  e c l i p t i c  and n e g a t i v e  below 

and P t h e  l o n g i t u d e ,  be ing  Oo directed t o  t h e  sun and 180° 

when p o i n t e d  away from the  sun .  The c h a r a c t e r i s t i c s  of t h e  

h i g h l y  e c c e n t r i c  IMP-I o r b i t  are shown i n  F i g u r e  5 as p r o j e c t e d  



a t  which t h e  s a t e l l i t e  w a s  a t  a p a r t i c u l a r  p o s i t i o n  i n  space .  

Upon i n s p e c t i o n  of t h i s  f i g u r e  it is noted  t h a t  f o r  
I 
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approximately 60% of each o r b i t  t h e  s a t e l l i t e  is w e l l  beyond 

20 Re d i s t a n c e  from t h e  c e n t e r  of t h e  e a r t h .  

view of t h e  o r b i t  p r o j e c t e d  on a p l ane  p e r p e n d i c u l a r  t o  

t h e  e c l i p t i c  p l ane  is shown i n  f i g u r e  6 ,  I t  is seen  from 

I A corresponding  

on t h e  e c l i p t i c  p l ane .  The f i r s t  f o u r  o r b i t s  a r e  shown w i t h  

t h e  f i g u r e s  a d j a c e n t  t o  the  t r a j e c t o r y  i n d i c a t i p g  t h e  t i m e  

t h e s e  t w o  f i g u r e s  t h a t  t he  o r b i t  of IMP-1 is  a ve ry  e longa ted  

e l l i p s e .  T h i s  paper s h a l l  u t i l i z e  t h e  exper imenta l  r e s u l t s  

o b t a i n e d  f rom t h e  magnetometers mess e t  a l ,  1964) and t h e  plasma 
~ 

~ probe (Bridge e t  a l ,  1964) t o  i l l u s t r a t e  t h e  c h a r a c t e r i s t i c s  

I of  t h e  magnetosphere and its boundary r e g i o n .  

The r e s u l t s  of t h e  magnetic f i e l d  measurements on t h e  

inbound p o r t i n n  of o r b i t  1 are shown i n  F igu re  7. The 

exper imenta l  d a t a  is p r e s e n t e d  as a magnitude F and t w o  a n g l e s  

0 and 9. Each d a t a  p o i n t  r e p r e s e n t s  t h e  average  of t h e  v e c t o r  

magnetic f i e l d  over  a t i m e  i n t e r v a l  of 5 .46  minutes .  The 

- 

s a t e l l i t e  is  moving approximate ly  2 km/sec i n  t h i s  r eg ion  of 

space  so t h a t  over  t h i s  t i m e  s c a l e  t h e  s a t e l l i t e  t r a v e r s e s  a 

r a d i a l  d i s t a n c e  of approximately 660 k i l o m e t e r s .  The measurements 

a t  g e o c e n t r i c  d i s t a n c e s  beyond 10.7 Re are seen  

v a r i a b l e  i n  both magnitude and d i r e c t i o n  of t h e  magnetic 

f i e l d .  

a b r u p t l y  i n c r e a s e s  i n  magnitude t o  a v a l u e  of 60 gammas and 

t o  be h i g h l y  

However, a t  a d i s t a n c e  of 10.7 R, t h e  magnetic f i e l d  
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assumes a s t a b l e  c o n f i g u r a t i o n .  The t h e o r e t i c a l  magnetic f i e l d  

t o  be measured i n  s p a c e ,  e x t r a p o l a t e d  by s p h e r i c a l  harmonic 

a n a l y s i s  from s u r f a c e  measurements, is  shown a s  dashed l i n e s  

i n  t h i s  f i g u r e .  The a b r u p t n e s s  i n  both magnitude and d i r e c t i o n  
f l  

I a s  w e l l  as  t h e  temporal c h a r a c t e r i s t i c s  of t h e  magnetic f i e l d  

a t  and beyond 10 .7  R are i d e n t i f i e d  as the  boundary of t h e  

magnetosphere. I t  is seen  t h a t  the  observed magnitude is 

approximately twice  t h a t  which would be t h e o r e t i c a l l y  p r e d i c t e d  

e 

by c o n s i d e r i n g  t h e  magnetic f i e l d  i n  space  t o  be o n l y  t h a t  

due t o  t h e  e a r t h ' s  magnetic f i e l d .  

The containment of t h e  e a r t h ' s  f i e l d  by t h e  s o l a r  plasma 

e s s e n t i a l l y  doubles  t h e  magnetic f i e l d  s t r e n g t h  a t  t h e  

boundary s u r f a c e .  Th i s  can be understood s imply by viewing 

t h e  plasma impact ing t h e  geomagnetic f i e l d  a s  be ing  r e p r e s e n t e d  

by a p l a n e  boundary a c r o s s  which t h e  normal component of magnetic 

f i e l d  must be z e r o .  Th i s  is r e l a t e d  t o  t h e  phenomenon t h a t  

i n  a h i g h l y  conduct ing  plasma,such as  t h e  s o l a r  wind , the  

magnetic f i e l d  is "f rozen  i n t o "  t h e  plasma motinn. Hence as  

a plasma stream i n t e r a c t s  wi th  a magnetic f i e l d  i t  does so by 

compressing t h e  l i n e s  of f o r c e  ahead of i t .  Mathematical ly  t h i s  

can be r e p r e s e n t e d  by p l a c i n g  an image d i p o l e  on t h e  sunward 

s i d e  of t h e  e a r t h  a t  a n  equa l  d i s t a n c e - f r o m  t h e  boundary and 

t h u s  t h e  normal component of t h e  f i e l d  is z e r o .  Th i s  can e x p l a i n  

both  t h e  magnitude i n c r e a s e  of t h e  observed magnetic f i e l d  

as w e l l  as t h e  p r e s e r v a t i o n  of its d i r e c t i o n .  T h i s  s i m p l i f i e d  

v i ewpo in t  is  n o t  comple te ly  c o r r e c t  but  is s u b s t a n i a l l y  v a l i d  
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as long  a s  t h e  d i s c u s s i o n  r e f e r s  on ly  t o  t h e  boundary nea r  

t h e  subso la r  or s t a g n a t i o n  p o i n t .  

U t i l i z i n g  t h i s  s i m p l i f i e d  t h e o r e t i c a l  model of t h e  s o l a r  

plasma d i r e c t l y  impact ing t h e  e a r t h ' s  magnetic f i e l d  p e r m i t s  an  

i n t e r p r e t a t i o n  of t h e  s o l a r  stream p r o p e r t i e s  on t h e  basis of 

t h e  s ize  of t h e  e a r t h ' s  magnetosphere. On t h e  assumption t h a t  

t h e  s u b s o l a r  rad ia l  d i s t a n c e  to t h e  magnetosphere boundary 

is 10 .7  Re it is seen  i n  Figure8 

from 1 t o  10 p ro tons  p e r  h b i c  c e n t i m e t e r  for  v e l o c i t i e s  

between 200 and 600 km/sec. These plasma v a l u e s  are 

r e p r e s e n t a t i v e  of t hose  which have been measured on p rev ious  

s a t e l l i t e s  and space  probes .  Thus, i t  would appear  t h a t  t h e  

g e n e r a l  c h a r a c t e r i s t i c s  of t h e  bounding of t h e  ear th ' s  magnetic 

f i e l d  by t h e  s o l a r  plasma and t h e  d i s t a n c e  a t  which it  o c c u r s  

can be reasonably  w e l l  unders tood  on the  e lementary  i n d i v i d u a l  

p a r t i c l e  b a s i s  

t h e  plasma d e n s i t y  r anges  

However, t h i s  is no t  t h e  complete s t o r y  on the  c h a r a c t e r i s t i c s  

of t h e  magnetosphere and its boundary r e g i o n .  A c o r r e l a t e d  

set  of d a t a  from the  MIT plasma probe and t h e  GSFC magnetic 

f i e l d  experiment is shown i n  F igu re  9.  T h i s  i nc luded  t h e  same 

i n t e r v a l  shown i n  greater d e t a i l  i n  F i g u r e  7 .  The impor tan t  

f e a t u r e  of t h e  MIT plasma d e t e c t o r ,  a Faraday cup ,  is  t h a t  i t  

is d i r e c t i o n a l l y  s e n s i t i v e  t o  t h e  f l o w  of plasma. A s  t h e  

s a t e l l i t e  r o t a t e s ,  t h e  acceptance  a p e r t u r e  of t h e  d e t e c t o r  s c a n s  

t h e  c e l e s t r a l  sphere  and i n c l u d e s  o r i e n t a t i o n s  d i r e c t l y  toward a n d  

away from the  
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sun. Shown on t h i s  f i g u r e  a r e  t h e  plasma f l u x  v a l u e s  when 

the  d e t e c t o r  is poin ted  almost  d i r e c t l y  toward t h e  sun and 

d i r e c t l y  away from t h e  sun. The d i f f e r e n c e  between t h e s e  

two measurements is a measure of  t h e  a n i s o t r o p y  of t h e  plasma 

flow. I t  is seen  t h a t  a t  ve ry  l a r g e  d i s t a n c e s  f r o m  t h e  e a r t h ,  

g r e a t e r  than  1 6  Re, t h e  plasma flow is p r i n c i p a l l y  from t h e  

sun .  However, a t  a d i s t a n c e  of 13.6 R t h e  f low of plasma 

suddenly comes a p p a r e n t l y  from a l l  d i r e c t i o n s  i.e. t h e  f l u x  
e 

is i s o t r o p i c .  I t  is also a t  t h i s  p o i n t  t h a t  t h e  f l u c t u a t i o n s  

i n  t h e  magnetic f i e l d  inc rease  apprec iab ly .  Th i s  is measured 

by t h e  root-mean-squared d e v i a t i o n s  shown i n  the top  most 

t h r e e  cu rves  i l l u s t r a t i n g  t h e  Z ,  Y, Z, components of t h e  d e v i a t i o n  

of  t h e  magnetic f i e l d  over  t h e  5.46 minute t i m e  i n t e r v a l s .  

The f l u c t u a t i n g  magnetic f i e l d  and t h e  i s o t r o p i c  plasma are 

observed u n t i l  t h e  d i s t a n c e  a t  which t h e  magnetic f i e l d  a b r u p t l y  

i n c r e a s e s  t o  a ve ry  l a r g e  va lue .  Th i s  r eg ion  of space  sur rounding  

t h e  e a r t h ' s  magnetosphere i n  which a thermal ized  or i s o t r o p i c  

plasma f l u x  is observed t o  be c o r r e l a t e d  wi th  f l u c t u a t i n g  

magnetic f i e l d s  is termed t h e  t ransi t ion r eg ion  of the  magneto- 

sphere  boundary layer.  I t  is t h i s  boundary l a y e r  which t h i s  

paper  s t u d i e s ,  dk~iscusses its c h a r a c t e r i s t i c s  and a t t empt s  

t o  p r e s e n t  t h e  c u r r e n t  concepts  r e l a t e d  t o  its formation.  

The! f i r s t  measurements c l e a r l y  sugges t ing  a c o n t i n u a l  

containment  of t h e  e a r t h y s  magnetic f i e l d  were provided on t h e  

leeward s i d e  of t h e  s o l a r  wind plasma 
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f low by t h e  Explorer  X s a t e l l i t e  i n  March, 1961 (Heppner e t  

a l ,  1963) Over an  i n t e r v a l  of 48 hours  t h e  magnetic f i e l d  

and plasma w a s  observed i n  a c h a r a c t e r i s t i c  p a t t e r n  i n  which 

s t r o n g  f i e l d s  d i r e c t e d  r a d i a l l y  from t h e  e a r t h  w e r e  exchanged 

wi th  p e r i o d s  du r ing  which r a d i a l  plasma f low from t h e  sun and 

f l u c t u a t i n g  magnetic f i e l d s  were observed.  Conclusive 

exper imenta l  evidence f o r  t h e  bounding of t h e  geomagnetic f i e l d  

by t h e  so l a r  wind w a s  provided by t h e  Exp lo re r  X I 1  s a t e l l i t e  

measurements of t h e  magnetic f i e l d  and t r apped  p a r t i c l e  f l u x e s  

as r e p o r t e d  by C a h i l l  and Amazeen (1963) and Freeman, Van A l l e n  

and C a h i l l  (1963).  Subsequent t o  t h e  Exp lo re r  X I I ,  t h e  

Exp lo re r  X I V  s a t e l l i t e  provided a d d i t i o n a l  i n fo rma t ion  on t h e s e  

c h a r a c t e r i s t i c s .  

f i e l d  i n  t h e s e  r e g i o n s  have appeared a l though  d e t a i l e d  

d i s c u s s i o n s  of t h e  p a r t i c l e  f l u x  measurements have been p r e s e n t e d  

i n  numerous a r t i c l e s .  The plasma probes  on board t h e  Exp lo re r  

X I 1  and XIV d i d  no t  r e v e a l  t h e  i s o t r o p i c  f l u x e s  observed on IMP-1, 

Thus f a r  o n l y  l i m i t e d  summaries of t h e  magnetic 

Although t h e  purpose of t h e  IMP-1 s a t e l l i t e  w a s  p r i m a r i a l l y  

t o  i n v e s t i g a t e  t h e  c h a r a c t e r i s t i c s  of t h e  i n t e r p l a n e t a r y  medium, 

t h e  f a c t  t h a t  t h e  s a t e l l i t e  is g r a v i t a t i o n a l l y  anchored t o  t h e  

e a r t h  i m p l i e s  a t r a v e r s a l  of t h e  magnetosphere boundary r e g i o n  

t w i c e  each o r b i t .  The r e s u l t s  of t h e  IMP-1 s a t e l l i t e  ob ta ined  

i n  t h e s e  t r a v e r s a l s  have s u b s t a n t i a l l y  confirmed and extended 

o u r  knowledge of t h e  magnetosphere boundary l a y e r .  O u r  o v e r a l l  

i n t e r p r e t a t i o n  of t h e  r e s u l t s  is based upon an  analogy wi th  h igh  
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speed aerodynamic f low.  I t  is assumed t h a t  t h e  magnetosphere 

ac t s  as  a b l u n t  body which d e f l e c t s  t h e  f l o w  crf t h e  solar  

plasma. An impor tan t  a s p e c t  Of t h e  r a r e f i e d  s o l a r  plasma 

f low is t h a t  i t  c o n t a i n s  a magnetic f i e l d .  The average 

i n t e r p l a n e t a r y  magnetic f i e l d  va lue  h a s  been a c c u r a t e l y  

e s t a b l i s h e d  b y  t h e  IMP-I s a t e l l i t e  (Ness and Wilcox, 1964) .  

For t h e  average  s o l a r  p ro ton  of 1 Kev energy  t h i s  l e a d s  t o  a Larmor 

r a d i u s  of approximately 500 k i l o m e t e r s .  T h i s  s m a l l  c h a r a c t e r i s t i c  

l e n g t h  p e r m i t s  t h e  u s e  of a f l u i d  continuum approximation.  T h i s  

is a l so  about  t h e  s p a t i a l  r e s o l u t i o n  wi th  which t h e  boundar ies  of 

both t h e  magnetosphere and t h e  k r a n s i t i o n  r e g i o n  a r e  sampled. 

I n  t h i s  magnetized plasma t h e  propagat ion  of d i s t u r b a n c e s  

is by magnetohydrodynamic wavesbas c o n t r a s t e d  t o  t h e  super-  

s o n i c  g a s  dynamic case when propagat ion  is by a c o u s t i c  waves. 

The a p p r o p r i a t e  propagat ion  v e l o c i t y ,  t h e  Alfv/en mode is 

p r e s e n t e d  i n  f i g u r e  10 as  a f u n c t i o n  of plasma d e n s i t y  and 

magnetic f i e l d  s t r e n g t h .  The impor tan t  f e a t u r e  of t h i s  diagram 

is t h a t  it shows t h a t  f o r  t h e  i n t e r p l a n e t a r y  medium t h e  Alfven 

v e l o c i t y  is c h a r a c t e r i s t i c a l l y  l e s s  t h a n  100 Km/sec. The 

e s t i m a t e d  v e l o c i t y  of t h e  s o l a r  p l a s m a  is 385 km/sec from t h e  

i n t e r p e r t a t i o n s  of solar magnetic f i e l d s  and t h e  i n t e r p l a n e t a r y  

magnet ic  f i e l d  (Ness and Wilcox, 1964) .  Thus,  t h e  f low of t h e  

so la r  wind is  supe r son ic  i n  t h e  magnetohydrodynamic s e n s e .  

A c t u a l l y  t h e  f low is hypersonic  s i n c e  t h e  e q u i v a l e n t  Mach number 

or more a p p r o p r i a t e l y  t h e  Alfve/n number is g r e a t e r  than  4. 

Under such  c o n d i t i o n s  t h e  w e l l  known phenomenon of a de tached  
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shock wave develops i n  t h e  g a s  dynamic case  which e n c l o s e s  

t h e  d i s t u r b i n g  body i n  a r e g i o n  of space  wi th  a boundary 

across which d i scon t inuous  changes i n  parameter  v a l u e s  occur.. 

( A t  t h e  P resen t  t i m e  t h e  d e t a i l e d  q u a n t i t a t i v e  s t u d y  of t h e  

p h y s i c a l  p r o p e r t i e s  of t h e  boundar ies  as observed by t h e  IMP-1 

s a t e l l i t e  have y e t  t o  be completed.  A p a r t i c u l a r  l i m i t a t i o n  

t o  t h e i r  d e t a i l e d  s tudy  w i l l  be t h e  s p a t i a l  and t r i m e  r e s o l u t i o n  

l i m i t a t i o n s  inhe ren t  i n  t h e  s p a c e c r a f t  o r b i t  a n d  t e l e m e t r y  

s y s t e m .  The detached shock wave which is observed i n  g a s  

dynamics has  c h a r a c t e r i s t i c s  which c l o s e l y  resemble t h a t  of 

t h e  e a r t h ' s  magnetic f i e l d  i n t e r a c t i n g  wi th  t h e  f low of t h e  solar  

wind. The t e r m i n a t i o n  of t h e  t u r b u l e n t  t r a n s i t i o n  r eg ion  

observed a s  t h e  s a t e l l i t e  moves r a d i a l l y  away from t h e  e a r t h  

i s  i n t e r p r e t e d  t o  be t h e  c o l l i s i o n l e s s  magnetohydodynamic shock 

wave a s s o c i a t e d  with t h e  i n t e r a c t i o n  of  t h e  so la r  wind wi th  t h e  

geomagnetic f i e l d .  The IMP-1 d a t a  h a s  provided t h e  f i r s t  a c c u r a t e  

measurements of t h i s  phenomenon and indeed  have mapped i n  d e t a i l  

i t s  p o s i t i o n  r e l a t i v e  t o  t h e  e a r t h  s u n  l i n e .  T h i s  is a m o s t  

impor tan t  f e a t u r e  of t h e  boundary of t h e  magnetosphere s i n c e  it  

may provide mechanisms f o r  a c c e l e r a t i o n  of charged p a r t i c l e s .  

Within and a d j a c e n t  t o  t h e  t r a n s i t i o n  r e g i o n ,  s a t e l l i t e  

d e t e c t o r s  have shown t r a n s i e n t  f l u x e s  of e n e r g e t i c  e l e c t r o n s  

having e n e r g i e s  g r e a t e r  than  45 Kev and t o t a l  f l u x e s  of 10 /cm / sec  

a n  o r d e r  of magnitude g r e a t e r  than background (Anderson e t  a l ,  

1964; Fan e t  a l ,  1964) .  The IMP r e s u l t s  s u g g e s t  t h e s e  

6 2  

o b s e r v a t i o n s  a r e  r e l a t e d  t o  t h e  format ion  of t h e  magnetosphere 
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and t h e  shock wave boundary. The exper imenta l  ev idence  

is v e r y  r e c e n t  and t h e  f u l l  t h e o r e t i c a l  s i g n i f i c a n c e  of 

t h e s e  d a t a  has  y e t  t o  be completely e v a l u a t e d .  The p a r t i c l e  

f l u x e s  which are observed are s u b s t a n t i a l l y  less  then  those  

observed  w i t h i n  t h e  t r apped  p a r t i c l e  b e l t s  w i t h i n  t h e  e a r t h ' s  

magnetic f i e l d .  Hence i t  is n o t  p o s s i b l e  t o  cons ide r  t h e s e  

a s  haza rds  t o  manned space  f l i g h t  t r a v e l  or t o  s a t e l l i t e  hard- 

ware s y s t e m s  when one c o n s i d e r s  t h e  more impor tan t  c o n t r i b u t i o n s  

due t o  t h e  Van Al len  Rad ia t ion  B e l t s .  

A summary of t h e  observed p o s i t i o n s  of t h e  shock wave 

boundary and the  magnetosphere boundary is shown i n  F igu re  11. 

I n  t h i s  p r e s e n t a t i o n  t h e  boundaries  of the  magnetosphere and 

t r a n s i t i o n  r e g i o n  a s  d e t e c t e d  by t h e  magnetic f i e l d  experiment  

are i l l u s t r a t e d .  I t  is s e e n  t h a t  t h e  g e o c e n t r i c  d i s t a n c e  t o  

t h e  shock wave a t  t h e  s t a g n a t i o n  p o i n t  is approximately 13 .4  R e .  

b u t  t h i s  d i s t a n c e  increases  away from the  s u b s o l a r  o r  

s t a g n a t i o n  p o i n t .  Th i s  i n d i c a t e s  an  i n c r e a s e  i n  t h e  t h i c k n e s s  

of t h e  t r a n s i t i o n  r e g i o n .  The d a t a  a l so  i n d i c a t e s  t h a t  t h e  

magnetosphere is  n o t  c l o s e d ,  a t  least t o  t h e  d i s t a n c e  of 10 

t o  20 Re behind the  ear th .  The data are sugges t ive  t h a t  t h e  

magnetosphere t r a i l s  o u t  f a r  behind t h e  e a r t h  i n  t h e  f a s h i o n  

analogous t o  cometary t a i l s .  On t h i s  b a s i s  i t  is reasonab le  t o  

expec t  t h e  moon t o  i n t e r s e c t  t h e  e a r t h ' s  magnetosphere once 

e a c h  month ( N e s s ,  1964) .  

A comparison of t h e  t h e o r e t i c a l  shape and p o s i t i o n  of 

t h e  shock whve boundary and magnetosphere boundary wi th  
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obse rva t ions  is shown i n  F igu re  1 2 .  Using a g a s  dynamic r a t i o  

of less  than 2 b u t  more than  5/3 p e r m i t s  e x a c t  comparison of 

t h e  d a t a .  The s m a l l  s c a t t e r  i n  t h e  p o s i t i o n  of t h e  boundary 

c r o s s i n g s  i s  r e l a t e d  t o  t h e  v a r i a b i l i t y  of t h e  so la r  plasma 

f low.  The comparison wi th  t h e o r y  ( S p r e i t e r  and J o n e s ,  1963). 

is ve ry  good and i n d i c a t e s  a fundamental c h a r a c t e r i s t i c  of 

t h e  i n t e r p l a n e t a r y  plasma nea r  t h e  s t a g n a t i o n  p o i n t  and on t h e  

s c a l e  on which t h e  o b s e r v a t i o n s  are made. The s t a n d o f f  r a t i o  

between t h e  shock wave d i s t a n c e  and t h e  magnetosphere 

boundary is shown i n  F igu re  13 a s  a f u n c t i o n  of Mach number 

f o r  t w o  models of t h e  shape of t h i s  magnetosphere.  One is t h a t  

of a sphere  u t i l i z i n g  t h e  t h e o r e t i c a l  r e s u l t s  by Hida (1953) 

and t h e  o t h e r  u t i l i z e s  t h e  v a r i o u s  madels i n  g e n e r a l l y  good 

agreement as r e p r e s e n t e d  by Beard (1960) and S p r e i t e r  and 

Jones  (1963) The observed v a l u e  of 1.31 + - 1% is seen  t o  be 

between t h e  two l i m i t s .  For t h e  observed Mach numbers t h e  

s t a n d o f f  r a t i o  is reasonab ly  i n s e n s i t i v e  t o  t h e  e x a c t  va lue  of 

Mach number. Hence t i m e  v a r i a t i o n s  i n  t h e  c h a r a c t e r i s t i c s  of 

t h e  s o l a r  plasma do no t  a f f e c t  t o  f i rs t  o r d e r  t h e  s t a n d o f f  

r a t i o , a s  do t h e  magnetosphere shape and d p e c i f i c  h e a t  r a t i o  

used i n  t h e  g a s  dynamic ana logy .  

A summary of t h e  d e s c r i p t i o n  of t h e  magnetosphere and 

i ts  boundary l a y e r  as p r o j e c t e d  on t h e  p l a n e  of t h e  e c l i p t i c  

is shown i n  F igure  14. I n  t h i s  f i g u r e  t h e  i n t e r p l a n e t a r y  

magnetic f i e l d  is shown a t  an a n g l e  of 135 d e g r e e s  t o  t h e  
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E a r t h  Sun l i n e  and i n  a sense  which is p o s i t i v e  wi th  r e s p e c t  

t o  f l u x  l i n e s  ex tending  f r o m  t he  sun  i n t o  i n t e r p l a n e t a r y  space .  

The p r o j e c t e d  p o s i t i o n s  of t h e  IMP s a t e l l i t e  are shown f o r  t h e  

f i rs t  1 9  o r b i t s  and t h e  p o s i t i o n s  of t h e  magnetosphere 

boundary and shock wave are shown a s  average p o s i t i o n s .  

Within t h e  t r a n s i t i o n  r e g i o n  is a t u r b u l e n t  plasma f low 

of  v e r y  h igh  tempera tures  wi th  f l u c t u a t i n g  magnetic f i e l d s .  

Within t h e  magnetosphere a d i s t o r t e d  geomagnetic f i e l d  is 

observed ,  dependent upon t h e  s t r e n g t h  of t h e  e a r t h ' s  magnetic 

f i e l d  and t h e  s t r e n g t h  of t h e  s o l a r  wind c o n t a i n i n g  i t .  P r e s e n t  

measurements do n o t  i n d i c a t e  a t e r m i n a t i o n  of t h e  magnetosphere 

on t h e  leeward s i d e  of t h e  s o l a r  wind f low.  I t  is ve ry  

p o s s i b l e  t h a t  t h e  e a r t h ' s  magnetic f i e l d  t r a i l s  o u t  100 R 

o r  more behind i t ,  i n t e r s e c t i n g  t h e  o r b i t  of t h e  Moon (Ness, 1964) .  
e 
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magnetic f i e l d  measurements on t h e  IMP-1 s a t e l l i t e .  The 

f low of s o l a r  plasma,  t h e  solar  wind, is taken  t o  be 

abe ra t ed  by 5O w e s t  of t h e  Sun due t o  t h e  h e l i o c e n t r i c  

o r b i t a l  motion of t h e  E a r t h .  
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